A capillary filling microfluidic proteomic sample processing system has been realized in an automated set-up. Chip-integrated solid-phase extraction is performed in a 96-array format followed by sequential capillary action elution into a piezoelectric microdispenser and subsequent transfer to MALDI targets. Samples are eluted and deposited in volumes of 200-300 nl. The robotic system offers calibration to user-defined microextraction arrays and MALDI-target formats at micrometre resolution. Built-in force feedback control ensures a precise and robust microchip docking/handling in three dimensions. An efficient automated washing protocol eliminates analyte carry-over. System throughput ranges typically from 50-100 samples h −1
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Introduction
The biomarker discovery research activity within both the biomedical academic area and the pharmaceutical industry is increasing [1, 2] . The reasons for the impact in these fields are several. Certainly, understanding disease for improved curing and treatment of late stage patients is one focus as is the need for early discovery of patient groups in the risk zone for the disease [3] [4] [5] [6] .
Biomarker monitoring will in all cases be a valuable tool in order to predict health status, as proteins and peptides are important indicators in judging clinical status and outcome of drug efficiency [7] . Regulatory authorities and society, in general, are to an increasing extent accepting protein and gene expression-based tests as diagnostic tools. Several new biomarker tests have been approved by the FDA and many others are still on the way to approval [8] . Within this context, there is also a trend towards the use of diagnostic methods where arrays of multiple genes and/or proteins are investigated in multiplex [9, 10] .
In order to meet the demands for more efficient and sensitive approaches to new biomarker discoveries and the validation of these, the past few years' technology improvements in biological mass spectrometry have opened a route for more large-scale biomarker analysis. At the same time, the requirements of higher sensitivities have emphasized improved and more targeted approaches to biomarker discoveries, whereas the global mapping of protein expression currently seems to gain less ground in this respect [11] [12] [13] [14] .
In spite of the facts that a more directed approach in a defined biological setting inherently reduces the overall requirements of a massively high throughput screening effort, the need for speed still remains. Today, highly qualitative sample preparation has become more of a bottleneck than the previously ruling demands on increased mass spectrometry throughput.
This has resulted in a number of different methods for solid-phase extraction of biomolecules prior to mass spectrometry, e.g. tip-based [15] [16] [17] [18] , on-target [19, 20] and microfluidic methodologies [21] .
In this perspective, the current paper addresses the development of new and automated microfluidic technology for high quality proteomic sample preparation for applications in biomarker research.
In addition, demands on both overall sensitivity and throughput were outlined as corner stones in this development. The outcome of the work was a microchip-based proteomics sample clean-up and enrichment robotic instrument, which included piezoelectric sample transfer to conventional MALDI-target plates. The fundamental properties of the microchip developments have been previously described in [22] [23] [24] [25] [26] .
The instrument is fully automated allowing the processing of an arbitrary microchip array format of solid-phase microextraction positions and the deposition of these samples in arbitrarily defined patterns on a MALDI-target plate. The reported instrument was calibrated to a 96-microextraction array realized in a silicon chip of 50 mm × 53 mm, having a sample cycle time of typically 60-100 s. Data on sample enrichment performance and overall analytical performance as well as the robotic system set-up and implementation are reported.
Materials and methods

Microtechnology
All silicon microfabrication was performed according to previously reported protocols [22, 25, 26] . Standard methods of UV-photolithography and wet chemical etching of silicon were employed. Wafer fusion bonding was used to seal the fabricated microfluidic structures.
Materials
Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich Co. (St Louis, MO, USA) and used without any further purification. Trypsin type IX, porcine pancreas was from Promega (Madison, WI, USA) and Poros TM R2 50 µm beads were from Applied Biosystems (Foster City, CA, USA).
Standard samples
Alcohol dehydrogenase (ADH) and α-casein (CAS) of 100 µM in 50 mM NH 4 HCO 3 were digested with trypsin (1:40 enzyme:substrate) at 37
• C for 4 h. Dilutions to applied concentrations were made with 0.1% TFA. 
Dried droplet preparation
A matrix (10 mg α-cyano-4-hydroxy-cinnamic acid (CHCA) in 50% ACN/0.1% TFA) and an analyte are mixed 1:1, and 1 µL was pipetted onto a MALDI target.
Microextraction array preparation
Poros TM R2 50 beads were wetted in 50% ACN, washed and resuspended in water. After centrifugation, 14 µL of the wet beads was diluted in 500 µL water. 5 µL of this slurry, approximately 40 nL beads, was added ( figure 1(b) ) to each sample in a microtitreplate and incubated for 4 h. The beads now carrying the bound analytes were transferred (figures 1(c), (d)) to their corresponding microextraction array position. The completed microextraction array was washed (figure 1(e)) and dried (figure 1(f )) prior to mounting in the microfluidic robotic set-up.
Matrix handling
Matrix handling was performed by direct elution with a matrixcontaining solution that was prepared by adding 1-2 mg mL
CHCA into an elution solution of 70% ACN. Dispensing of the eluate was done directly onto the MALDI target at 250 Hz for 10 s.
Alternatively, the analytes were eluted without matrix and deposited onto the MALDI target. The eluent consisted of 85% ACN and was dispensed onto the target at a rate of 25 Hz for 100 s. After eluting and dispensing a complete array, the dispensing unit repeated the sequence with a matrix containing solvent, depositing the matrix fluid on top of each analyte spot (300 Hz, 2 s). 
MALDI-MS analysis
Software
Software development for control of the robot was made through a general PC-based developer kit for PLC (programmable logic controller) programming and motor control, provided by the supplier of the motors and controllers, Dassault Systemes, France. Besides the setting of parameters in the control loops, special care was given to set the motor current limits to exert specific maximum forces during the working cycle to provide the appropriate force in the microchip docking procedure.
Results and discussion
In order to improve the sensitivity of the analysis, the sample handling/preparation is carried out as a two-step enrichment procedure involving solid-phase extraction followed by onspot enrichment [24] . Solid-phase extraction is performed in a 53 mm × 50 mm microchip holding 96 individual microcolumns with individual inlets, outlets and bead retaining grids. The extraction chip is loaded off-line under slight vacuum using a loading fixture and e.g. standard pipetting or a pipetting robot. After loading, the extraction chip is placed in a vertical position in the robot. In the succeeding elution and on-spot enrichment step, the microchannels are addressed by a single microdispenser in a repeated elute-dispense-wash sequence. A capillary, delivering elution fluid, is mounted on the dispenser carriage in a fixed position with respect to the inlet of the dispenser. The capillary is connected to a syringe pump (WPI SP260P, World Precision Instruments, Inc., Sarasota, FL, USA) supplying the matrix/elution solution at a rate of 2 µL min −1 . Figure 2 shows the steps in a single sequence. The complexity of the microfluidic system is greatly reduced since the liquid transfer steps rely on capillary action avoiding the use of complex liquid interfaces. In the elution step, the dispenser is docked to the outlet of the extraction column ( figure 2(a) ). Simultaneously, the elution liquid drop resting at the end of the capillary touches the inlet and the liquid is drawn into the microcolumn and passes the bead bed by capillary force. The analyte is eluted from the beads and transported by the liquid to the column outlet. The liquid continues to fill the dispenser under increased capillary action due to the decreased height of the dispenser channel in comparison to the microcolumn dimensions ( figure 2(b) ). The volume of the dispenser is 700 nL and the elution step is completed in 5-10 s. The filled dispenser is then moved to the MALDItarget plate where 200-300 nL of the eluate is dispensed in one position ( figure 2(c) ). The dispense rate can be selected between 20-300 Hz.
The final and important step in each sample cycle is washing. The dispenser is moved to a washing station where the dispenser is docked to a nozzle cleaning chamber ( figure 2(d) ). The dispenser inlet capillary is simultaneously surrounded by a silicone rubber tube where a weak suction is constantly applied. The cleaning chamber is sealed to the dispenser by an o-ring. The chamber is connected to a pressurized cleaning solution (100% acetonitrile) or vacuum by two separate solenoid valves (VDW11-5G-1-M5-H-Q, SMC Pneumatics Sweden AB, Huddinge, Sweden). The washing cycle starts by filling the cleaning chamber and flushing the dispenser backwards, from the nozzle to the inlet, with acetonitrile. The washing liquid exiting the dispenser at the inlet capillary is removed by the suction in the silicone rubber tube. Next, the dispenser is dried by connecting the cleaning chamber to the vacuum port and drawing air through the dispenser, from inlet to outlet. The described cleaning sequence is repeated twice for each sample cycle.
Robotic design
During the design process of the robot, a detailed study of the work flow of the microfluidic process sequence was carried out. To facilitate an efficient platform for communicating solutions during the conceptual design, a robot simulation software tool, IGRIP from Dassault Systemes, France, was used which provided a virtual prototyping environment of the robot and the work cycle. The work flow of the process was as follows.
1. Get fluid from the source, i.e. the solid-phase microextraction array (vertical x-, z-movements). 2. Apply fluid on target matrix via the microdispenser nozzle (horizontal x-, y-movements).
Clean and dry the dispenser nozzle in the washing area (x-, y-, z-movements).
The source and target are 2D array plates and the size of these must be definable by the operator, as the robot will work through all columns and rows in a defined sequence. In addition, a position calibration procedure should be implemented to ensure a proper process if any parts are changed which could affect the position of the source, the target or the dispenser. Based on the requirements in the work process, the conceptual design of the robot was set up as shown in figure 3 . The robot has three degrees of freedom with a Cartesian motion space: x, y, z. The base unit which carries the washing area, the source array and the target plate moves in the x-y directions. The dispenser nozzle head is mounted on a vertical stage, which provides the z-motion. 
Robotic implementation
To get a compact design and smooth motions, linear motor drives were selected for all motions of the robot. The motors were direct drive, and transmissions between the motor and motion axis can therefore be omitted. The motors selected were Copley Controls TT Micro 1108 (Copley Controls Corp., MA, USA), which has a peak force of 67 N and a continuous stall force of 14 N with the heat sink mounted on the motor. The peak acceleration is 275 m s −2 and the maximum speed is 5.2 m s −1 . The motors are connected to servo drives via flexible tape cables. The control of the robot is coordinated from a PLC which also acts as an operator panel. The operator panel connects to the servo drives via a CAN bus.
The servo drives control the motors using pulse-width modulation, and a three-phase Hall effect sensor switch provides signals which are used to produce a six-step commutation of the motor windings. The robot has a number of end-point switches, which define the minimum and maximum travel limits of each motion (x, y, z). Also, reference switches for each axis are supplied for calibration purposes. The PLC controller has access to a number of digital I/O-lines which are used to control the dispenser electronics and washing station valves.
To create a new work cycle, the operator must define the geometry of the source and target arrays (number of rows and columns and distance between these). This is performed by calibrating the robotic workspace of both the source and target arrays in three defined positions by manual jogging. An operator panel dialogue supports this procedure. Likewise, the calibration of the cleaning cycle is made by jogging to the correct position in the washing area. Once the geometrical calibration is done, a work sequence is initiated by pushing the RUN button. During execution, the operator can abort or pause the work cycle, reset the system or drive the robot to its home position.
The correct positioning and employed pressure of the dispenser unit against the microextraction array plate (source) was controlled by a feedback loop from the y-linear motor drive such that the microdispenser could only touch the source plate with a predefined force (corresponding to a preset maximum motor current). The control algorithm for the motor current was a conventional PID-control loop, which was automatically tuned by the motor control software. The corresponding algorithm was implemented for the z-linear motor drive as the microdispenser head approached the wash station. The PID algorithm was tuned such that the employed force was sufficient to seal the microdispenser nozzle to the oring through which the subsequent washing fluid was flushed. In operating mode, the system was set to hold a cycle time of 60-100 s. Figure 4 shows the finalized robot.
Analytical performance of the microfluidic robot
Analyte carry-over A major concern in the design of microfluidic sample handling in the robot was to ensure that the dispenser unit did not induce any analyte carry-over from one position on the MALDI target to the next. Since the microdispensing unit sequentially receives eluate from all the microextraction columns, a thorough washing programme was therefore realized where the dispenser was flushed with acetonitrile and dried repeatedly after each analyte cycle, as described earlier. Figure 5 shows a series of mass spectra from digested ADH samples, which were loaded into every second position in the microextraction array leaving intermediate positions empty. As can be seen, no MS signal is observed in the empty positions, e.g. when zooming in around m/z = 1618 the peptide at 1618.84 Da is not present in the empty positions, which confirms that the washing protocol was satisfactory.
Aspects on sensitivity
The overall strategy of the developed chip integrated proteomic sample clean-up and enrichment protocol is to minimize analyte losses and enable amplified signal readout. In the elution step from the packed bead bed, the analytes are immediately transferred into the microdispenser in a confined elution volume. The solid-phase extraction step offers an inherent enrichment by concentrating the original analyte volume of several tens of microlitres to an elution of the purified peptide mixture in a typical volume of 300 nL. The subsequent microdispenser transfer of the eluted peptide mixture onto the MALDI target offers a second level of enrichment by varying the obtained spot size on the MALDI target according to earlier reported protocols [22] .
The compound effect of both the solid-phase enrichment and the on-spot enrichment is clearly seen when comparing mass spectra obtained from a dried droplet preparation (top spectrum in figure 6 ) with the corresponding spectrum at the bottom from a sample prepared by microchip sample preparation.
The ability to confine the analyte on-spot by varying the dispense rate offers automated control of the obtained MALDI spot size. To meet the different demands on throughput and sensitivity, two different matrix deposition modes were employed for the microchip-based protein cleanup and enrichment platform. These modes of operation are applied in screening phases where (i) high-sensitivity annotation of protein identifications are required or (ii) highspeed sample spotting is needed, when the protein expression levels are reasonable, i.e. the biological starting material at hand is sufficient to provide high quality data.
In the first deposition mode (i), the MALDI-target deposition followed a two-step procedure with deposition of the eluted analyte at a low dispense rate (25 Hz, 100 s). The low dispense rate allowed the sample to be confined in a small spot on the target thereby enriching the sample on-spot. When a slow dispense rate is employed to keep the spot size down, it is recommended that the matrix is dispensed separately since it can sometimes crystallize in the nozzle. This subsequent highspeed matrix deposition step results in a final sample/matrix spot (diameter 0.3 mm) on the MALDI target plate. In the second sample deposition mode (ii), the matrix is included in the elution liquid and directly deposited on the target at a high dispense rate (250 Hz for 10 s). This approach will result in larger sample/matrix spots (diameter 1 mm). The latter approach is certainly advantageous with respect to speed and simplicity since the sample elution and matrix deposition is performed in a one-step process. The sensitivity is, however, reduced due to the larger spot size.
As an example of the influence of the dispense rate with respect to the obtained signal intensity of high versus low dispense rate, figure 7 shows the mass spectra of 2500 droplets of an ADH digest deposited at either (a) 25 Hz, 100 s or (b) 250 Hz, 10 s. It can be noted that matrix handling performed was identical in these two cases, adding matrix to the analyte spot after the analyte deposition step.
Reproducibility
In order to investigate the performance of the automated microfluidic sample preparation, repeated runs of an ADH digest were monitored and the most predominant peptides were measured with respect to ion current intensity. Table 1 shows the mean ion current intensity and the corresponding standard deviation for six peptides in the mass range of m/z = 968-2312 as recorded for 14 positions in the extraction array. The standard deviation is well within the natural signal variations for MALDI-MS analysis.
Conclusions
A fully automated microfluidic platform for protein sample enrichment, clean-up and sample transfer to MALDI-MS targets has been realized. The robotized set-up is adaptable to standard MALDI targets of sizes up to microtitre plate format. Data reported in this paper are generated on both a Waters M@ldi TM LR and an Applied Biosystems 4700 Proteomics Analyzer MALDI-TOF/TOF TM . No analyte carry-over in the sequential processing of samples was observed. The system offers both high-sensitivity and high-speed modes of operation. In a previous study, the presented system was compared to ZipTip and on-target based sample preparation with favourable outcome [26] .
The microchip-based protein clean-up and enrichment technology presented is currently used for targeted biological studies.
